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Introduction
Structure and properties of the surface affect effectively global behavior of materials. Surface microstructure as well as material properties may play an important role in failure control including cracking, wear and corrosion [1] [2] [3] . These kinds of degradation processes induce significant problems in olive oil industry, especially in the machinery. Particularly, the horizontal centrifuge was highly damaged by tribocorrosion due to the combined effect of mechanical wear and corrosion: In fact this equipment is composed by four metal raclettes and a cylindrical funnel made of AISI 304L to physically separate olive seeds from olive pulp [4] .
The tribocorrosion behavior of AISI 304L/alumina contact was recently studied in sulphuric acid by Perret et al. [5] . A reciprocating tribometer was used with a reciprocating motion of 1 Hz frequency, 5 mm amplitude and 7 or 24 N as normal load. Authors have stated that a plastically deformed layer, characterized by a refined structure and the presence of structural defects, was developed. In our previous study [4] , the tribocorrosion behavior of AISI 304L sliding against alumina was studied in a mixture of olive pomace and tap water filtrate. It was found that AISI 304L was sensitive to tribocorrosion especially under intermittent sliding. Moreover, mechanical removal wear loss was dominated by an abrasive wear mechanism. Therefore, improvement of AISI 304L surface properties could enhance the material behavior and consequently the service life of components.
Surface properties could be enhanced chemically [6] [7] [8] , by adding a coating [9] [10] [11] or metallurgically [12] [13] [14] . The change of the surface chemistry could be realized by phosphate chemical conversion coatings [6] , laser alloying [7] and nitriding [8] . Adding a coating could be obtained by laser cladding [9] , physical vapour deposition (PVD) [10] or chemical vapour deposition (CVD) [11] . The change of the surface metallurgy could be developed by localized surface hardening (flame, induction, laser, and electron-beam hardening) [12] , laser melting [13] or shot peening [14] .
Different conventional mechanical surface treatments have been investigated, to improve surface behavior and to generate a nanocrystallized surface layer by severe plastic deformation methods such as surface mechanical attrition treatment [3] , ultrasonic shot peening [15] , ultrasonic cold forging technology [16] and severe shot peening [17] . These methods have improved fatigue properties, hardness, wear resistance and tensile strength [15] . The severe shot peening (SSP), an alternative method of the conventional shot peening, has received most of the attention of industrials because of its popularity and technological facility [17] . The SSP was developed using a conventional shot peening (eg. Air blast shot peening) by applying a combination of severe peening parameters. The parameters combination multiplies the kinetic energy compared to conventional shot peening and can produce a nanostructured surface layer [17] [18] [19] [20] . Tadge et al. [21] have revealed ⁎ Corresponding author.
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that shot peened AISI 304 showed ultrafine austenite grains and martensitic transformation at severely deformed locations. The martensite phase and grain refinement have significantly enhanced the mechanical properties. Wang et al. [22] have shown that the nanostructured surfaces, produced by sandblasting, improved the corrosion resistance of AISI 304. Wang et al. [23] have also shown that nanocrystallized surfaces induced by shot peening could enhance the corrosion resistance of 1Cr18Ni9Ti stainless steel in 3.5% NaCl solution. In fact, the fraction of grain boundaries in the nanostructured surface obtained by shot peening may increase the atomic diffusivity of passivating elements to form a protective passive layer [23, 24] . On the other hand, the mechanical properties such as fatigue, hardness, wear resistance and yield strength of nanocrystallized surface materials were effectively improved by severe shot peening [25] [26] [27] . However, the combined effect of wear and corrosion (tribocorrosion behavior) on nanocrystallized surface metals obtained by severe shot peening remains mostly unstudied.
The aim of this work is to improve the tribocorrosion properties of AISI 304L using severe shot peening (NanoPeening®) [28, 29] . EBSD was used to determine the microstructure of the nanopeened layer. Tribocorrosion studies were performed in olive pomace/tap water filtrate with pin-on-disc tribometer. Tribocorrosion wear was qualitatively studied to characterize the wear track. Quantitative analysis was carried out to determinate material loss.
Material and methods

Treatment
AISI 304L grade was used to prepare samples of 10 mm of height and 25 mm of diameter. The chemical composition of AISI 304L was given in Table 1 . Samples were mechanically polished using sandpaper from grade 120 to 1200 to prepare them for nano-scale surface peening. Nano-scale surface peening was realized by Winoa company (NanoPeening® treatment) [30] [31] [32] . The treatment objective is to transform the surface of metals by reducing grain size down to a "nanometric" scale only by a mechanical operation based on Blasting Shot Peening [30] . In fact, it consists on the projection of shots by a very careful selection of the operating conditions [31] . The main parameters were: the shot diameters, the projected speed, the incidence angle and the recovery rate are ranged between 0.1 and 2 mm, 40 and 100 m s 
Tribocorrosion tests
To investigate the effect of treatment on the tribocorrosion behavior of AISI 304L, the coupling of electrochemical methods with tribological tests was conducted. In fact, an electrochemical cell was mounted on a pin-on-disc tribometer. The cell was filled with electrolyte (pomace olive/tap water filtrate). It was prepared from the olive pomace collected from olive oil press and mixed with tap water. The obtained paste was filtrated to extract the test solution. The average pH value of the prepared electrolyte was about 5. The amount of chloride and sulfate in the filtrate was 0.027 and 0.012 mol/l, respectively. For the corrosion tests, a three electrode cell was used with a Solartron (1286) potentiostat and Solartron (1250) Frequency Reponse Analyser. The working electrode was a nanopeened AISI 304L sample, coated with resin to obtain a working area of 4.52 cm 2 (A 0 ). An Ag/Ag-Cl/KCl saturated electrode was used as a reference electrode which was characterized by E Ag-AgCl = + 0.200 V/Standard Hydrogen Electrode (SHE). The counter electrode was a platinum one. For tribological tests, an alumina pin with a spherical tip of 100 mm as radius was chosen to be the counter body. Sliding tests were performed at a normal force and rotation speed of respectively 5 N and 0.0628 m/s. According to the Hertz elastic theory, the normal force leads to maximum contact pressure of 82 MPa and a contact radius of 0.14 mm. The wear track diameter is 10 mm. The tribocorrosion protocol test entailed three phases: stabilization before sliding test (stage 1), sliding test (stage 2), and final stabilization after sliding test (stage 3), as shown in Fig. 1 . Cyclic potentiodynamic polarization curves were performed before sliding for a scan rate of 0.5 mV s Real part of the impedance (Ω) Table 1 Normalized chemical composition of AISI 304L [33] .
was performed with a potential frequency which ranges between 1 mHz and 10 kHz during stage 1, and between 10 mHz and 10 kHz during stage 2. The amplitude of the sinusoidal voltage signal was 20 mV. Two sliding types were carried out, continuous and intermittent ones. Continuous sliding was characterized by a permanent rotation of the pin during the whole test. However, intermittent sliding test consisted in the pin rotation for one period of time t r = 0.5 s, and pin stop for another given period of time, t stop = 2 s. The latency time of one cycle, t lat , is the sum or t r and t stop [4, 28, 29] . layer extended over 60 µm from the top surface. Inside the layer, larger ferrite grains were locally observed. When moving to the top layer, the transformation rate increased and the martensitic domains were progressively fragmented to nanosized ferrite grains building the top layer. Further EBSD showed that those nanosized grains were ferrite grains with a random texture as shown in Fig. 3(b) . A mechanism of grain refinement was induced by severe plastic deformation [38, 39] . Firstly, nano-scale surface peening process induces repeated high energy impacts at high rates onto the specimen surface. Then, dislocations are created and their number is increased due to the repeated impacts. Finally dislocations will be annihilated or rearranged to form small angle grain boundaries separating individual crystals, as proposed by Fecht [40] .
Corrosion tests without mechanical loading
The evolution of open circuit potential (OCP) versus time of the AISI 304L after nano-scale surface peening is shown in Fig. 4 . It is clearly shown that free potential shifted to high value with increasing time and stabilized at OCP (E corr ) of about − 0.15 V/Ag-AgCl which indicates the formation of natural passive film. Also, the corrosion behavior of the passive layer was determined by cyclic polarization tests. The polarization curve of nanopeened AISI 304L, immersed in olive pomace/tap water filtrate, is presented in Fig. 5 . The polarization curve reveals an active-passive transition between − 0.46 and − 0.26 V/Ag-AgCl. It was noted that the active peak is small due to the high ohmic drop. This phenomenon could be explained by the large distance separating the 
Samples characterization
After nano-scale surface peening, samples were polished using sandpaper from grade 400 until 1200 to get a final roughness (Ra) of about 0.11 µm which is suitable for tribocorrosion test. The cross section surface was also polished with several grades of alumina pastes down to 1 µm to obtain a mirror surface Ra = 0.08 µm) in order to characterize the microstructure by EBSD. The JEOL JSM-6500F SEM equipped with AZTEC EBSD system from Oxford Instruments was used in this work. These experiments were carried out with an acceleration voltage of 20 kV and a working distance of 15 mm.
During sliding, the coefficient of friction (COF) was measured and wear was quantified using profilometric measurements (station Micromeasure STIL, France) in four areas regularly spaced along the sliding track. The wear track volume was determined by multiplying the area of the profiles by the wear track perimeter. Optical microscope and a scanning electron microscope (JEOL, JSM-T220A model) were used to analyze wear tracks.
Results and discussion
Microstructure analyses
Microstructural analyses was performed on cross sections of nanopeened AISI 304L using EBSD. EBSD and SEM analysis confirmed that the nano-scale surface peening produced a nanosized microstructure over a depth of 150 µm from the top surface. Three different regions can be clearly identified in the treated surface. The first zone corresponds to the bulk material. Its microstructure remained close to the as-received material and consists in an equiaxe grains having a means size of approximately 23 µm. The second layer extended from 60 to 150 µm below the surface. The microstructure consisted in deformed prior austenite grains, partially transformed to α' martensite due to severe plastic deformation, as revealed by the EBSD map Fig. 2 [34, 35] . In fact, austenite was deformed by twining to get α ' matensite which preferentially nucleates at the intersection of the deformation twins. Similar results have also been noted in AISI type 304 stainless steels in the literature [36, 37] . The IPF color code is given in Fig. 2 (notice that the indexing rate was only of 60%).
The third layer consisted in grains of several tens of nanometers as seen on the Back Scattered Electron (BSE) micrograph Fig. 3(a) . This sample from reference electrode and the current magnitude. The curve displays a large passive region that extends to ∼ 1.4 V and which is characterized by a passive current density of about 7.5 × 10 −6 A/cm 2 . After the establishment of the passive range, the pitting corrosion of treated sample starts at a breakdown potential of 1.2 V/Ag-AgCl. By reversing the scan towards lower potentials, a positive hysteresis is observed in the cyclic polarization curves, indicating that in the potential range (0.4-1.5 V/Ag-AgCl) a metal dissolution occurs at the sample surfaces by pitting [41] . The repassivation power, which means the ability to reform the passive film, is measured by the protection potential (E prot ) which reaches 0.05 V/Ag-AgCl. It is clearly seen that E corr is lower than E prot which indicates that the repassivation ability is greater. In fact the surface sample at open circuit potential is covered by adhesive, dense and stable oxide layer which acts as a barrier layer between metal and environment to protect the underlying substrate from high corrosion rates [42] [43] [44] . The passive film properties were also tested using electrochemical impedance spectra (EIS) on Nyquist and bode plots shown in Fig. 6 . Fitting was performed with ZView2 software and equivalent electric circuit (EC) in Fig. 7 was proposed to model the experimental data.
The EC is composed by the solution resistance (R s ), the double layer capacitance (Cdl) and the polarization resistance (R p ). The polarization resistance R p is directly related to the size of the circle Nyquist arc. The high Rp value of about 1.54 × 10 6 Ω indicates that nanopeened AISI 304L is covered with a dense Cr 2 O 3 film in contact with the solution [22] . However the absolute value is constant at high frequencies giving the value of solution resistance which is about 48 Ω.
Tribocorrosion tests
Corrosion tests under sliding
In order to determine the surface state and corrosion resistance of sample under sliding in filtrate, EIS were established at mean OCP of − 0.42 V/Ag-AgCl as shown in Fig. 8 . The electrical equivalent circuit describing the surface in active state is presented in Fig. 7 .
By simulating the experimental data with this equivalent circuit, the polarization resistance values (R p ) for treated sample is about 409.6 Ω cm 2 which indicates an active surface sample [29] . R s = 45 Ω is the electrolyte resistance, and CPE is the capacitive element depending on frequency.
However, under intermittent sliding the OCP drop to more cathodic potential compared to continuous sliding. In fact, the wear track was repassivated after the stop time due to the short repassivation time about 200 ms [45] . Hence, a small reactive area of the nanopeened AISI 304L was exposed to the environment resulting in more cathodic potential. Moreover, the potential evolution of the treated metal versus time is slowly stabilized. EIS measurements can not be performed during such intermittent sliding tests because of the non stationery OCP during one cycle as shown in Fig. 9. 3.3.2. Friction and wear analyses 3.3.2.1. The effect of latency time. The COF was measured under both continuous and intermittent sliding as shown in Fig. 10 . It is clearly shown that the COF was not affected by latency time for a cycle number below 1000. However, above 1000 cycles, the COF was decreased under intermittent sliding. This result could be explained by the effect of repassivation during stop time. In fact, the oxide debris act as a solid lubricant decreasing the contact forces [46] . After 3000 cycle, wear debris were ejected from the wear track. Therefore, friction coefficient is not affected by latency time.
In fact, under continuous sliding, the profile section of wear track, for treated samples, was characterized by the emergence of wedges suggesting a predominantly plastic flow regime (Fig. 11(a) ). Therefore, adhesion mechanism could be emphasized. The existence of some grooves, observed in SEM images (Fig. 12(a) ), proves that an abrasive mechanism could also exist. Indeed, sample surface was scratched by abrasive wear debris which were ejected, oxidized and accumulated around the wear track.
Whilst continuous sliding occurs on active surface state, intermittent sliding consists on a transition of wear behavior accompanied by a change of the wear track state. In fact, during each cycle, the wear track alternates between active and repassivated states. Obviously, the passive oxide layer which was created during t stop will be destroyed during t rot . Consequently, corrosive wear debris were ejected and caused then the appearance of deep abrasive scratches (Fig. 12(b) ). Therefore, it is important to note that the main wear mechanism could be an abrasive one.
3.3.2.2.
The effect of nano-scale surface peening. To determinate the effect of nano-scale surface peening, current results will be compared with our previous work [5] . The COF of the treated sample is lower than untreated one under continuous or intermittent sliding. The nanosized ferrite grains formed in the nanocrystallized passive layer are beneficial in reducing friction. Moreover, SEM observations show that the wear track produced on the treated sample has a similar morphology to that observed on untreated one, which reveals an abrasive mechanism. Fig. 13(a) and (b) and Table 2 compare the corrosion and mechanical contributions for both untreated and treated samples, respectively, under continuous and intermittent sliding.
The total wear loss after sliding in filtrate could be calculated according to a typical tribocorrosion protocol [4, 28, 29] . N. Diomidis et al. is the material loss due to the mechanical wear of repassivated material in the wear track.
As compared to the untreated sample, the nanopeened sample experiences a significant decrease in total wear loss, with a predominant mechanical wear contribution. Under continuous sliding, the W act m decreases by 20% compared to untreated sample but the W act c remains unchanged with treatment, which explains the increase of the ratio K c presented in Table 2 , of treated sample are lower than that of untreated one. This fact indicates an improvement of the mechanical and corrosion resistances. Therefore, the mechanical resistance seems to be the most improved because K c ratio rises with treatment (Table 2 ). In addition, the increase of K m ratio shows that the improvement of mechanical removal resistance is essentially due to the existence of nanocrystallized passive layer which provides more protection to the material against corrosion and especially mechanical wear [28] . Improvement in corrosion resistance resulted from the Cr enrichment of surface layer due to faster diffusion of Cr through grain boundaries [47] . Ferritizers such as Cr and Mo were significantly enriched in ferrite, while austenitizers such as Ni and nitrogen were enriched in austenite [48] . The higher content of chromium in ferrite is suspected to have produced a stronger and thicker chromium oxide protection on nanopeened AISI 304L. Besides, the mechanical wear decrease could be attributed to the hardness increase as a result of nano-scale surface peening. The hardness increase is due to grain refinement in the surface layer [49] . It can be concluded that the nanosized ferrite grains are helpful to the surface strengthening of materials. In fact, the higher hardness subsurface and nanocrystallized microstructure have a tendency to decrease the wear resistance [49, 50] . The effect of the mechanical action is revealed by the distribution of microhardness in the wear track as shown in Fig. 14 .
In the case of untreated sample, it was clearly noted that measured microhardness inside the wear track was higher than outside the track. Thus, it could be attributed to the severe work hardening by the sliding action of the alumina pin. Also, it seems that grooved and scratched surfaces were harder than the non-grooved surfaces. So, the hardness of the sheared material at the base of the scratch was in the range of 400 HV 0.05 which corresponds to a heavily work-hardened metal. However, in the case of treated samples, the microhardness measurements were not affected by the sliding action. This indicates that the nanocrystallized layer is work-hardened enough by the nano-scale surface peening until reaching saturation which matches up to higher microhardness values. The severe shot peening treatment forms refined ferrite domains and enhances microhardness, preventing the pin and the particles from penetration to non-nanocrystallized zone. As a result, the wear track depth decreases as shown in Fig. 13 and the wear resistance is well enhanced especially for intermittent sliding as presented in Fig. 14.
Conclusions
The objective of this work was to study the effect of nano-scale surface peening on the tribocorrosion behavior of AISI 304L rubbed against alumina pin under continuous and intermittent sliding in olive pomace/tap water filtrate.
(a) EBSD allows the detection of the microstructural changes caused by the deformation twinning, the development of martensitic and ferritic transformations accruing during treatment. The top layer, of 150 µm thickness, consisted in ferrite grains of several tens of nanometer. (b) Under both continuous and intermittent sliding, wear mechanism was dominated by abrasion. For the continuous sliding, an adhesion mechanism could also be present. (c) Under continuous sliding, the corrosion resistance was not changed with treatment. However, mechanical resistance was well improved. Two factors contributed to such an enhancement in mechanical wear resistance that are the nanocrystallized layer structure and the high hardness occurred by the treatment. (d) Under intermittent sliding, the nano-scale surface peening improves corrosion and mechanical resistance. The nanocrystallized top layer consists on ferrite grains which are enriched with Cr and Mo contents. The improved corrosion resistance could be explained by the Cr diffusion on the protective film. The mechanical wear resistance was improved due to the work-hardened surface obtained after the nano-scale surface peening.
